






One	of	 the	challenging	parts	of	 the	morphing	wing	 is	 the	anisotropic	skin,	which	must	be	 flexible	enough	to	
allow	 the	wing	 to	 change	 its	 shape	 and	 at	 the	 same	 time	being	 stiff	 enough	 to	withstand	 the	 aerodynamic	
loads.	 Composite	 corrugated	 skins	 have	 exceedingly	 anisotropic	 behaviour	 as	 they	 are	 stiff	 along	 the	





that	 depends	 on	 geometric	 and	 mechanical	 properties	 of	 the	 coated	 corrugated	 panel	 by	 means	 of	 finite	
element	method	 for	 thin	 beams.	 A	 few	methods	 of	 optimisation	were	 considered:	 aggregated	 and	 genetic	
algorithm	methods	as	representative	of	two	major	categories	of	multi-objective	solving	methods.	A	number	of	














and	 continuous	 camber	 change	 provides	 improvements	 in	 aerodynamic	 efficiency	 and	 expands	 the	 flight	










with	 an	 elastomeric	matrix	 composite	 (EMC)	 skin.	 The	 bending	moment	 is	 provided	 by	means	 of	 actuator,	
which	is	located	in	non-flexible	leading	edge	of	the	aerofoil.	
	
			Tests	 of	 this	 new	 design	 of	 morphing	 aerofoil	 structure	 have	 demonstrated	 the	 increase	 of	 out-of-plane	
stiffness	and	decrease	of	surface	skin	buckling.	Also	it	was	found	that	this	concept	improves	the	aerodynamic	
efficiency	 compared	 to	 conventional	 concept	 flaps.	 Moreover,	 this	 structure	 provides	 larger	 available	
deflection	of	continuous	surface.	
	
			In	 paper	 by	 Dayyani	 et	 al.	 [9]	 it	 was	 considered	 to	 replace	 the	 EMC	 skin	with	 composite	 corrugated	 skin	
coated	with	elastomer.	Composite	corrugated	panels	are	highly	anisotropic.	This	means	that	corrugated	core	is	
stiff	along	the	corrugation	direction	and	flexible	 in	 the	transverse	direction	 [10].	 It	 is	a	main	reason	of	using	
this	 skin	 in	morphing	 application	as	 skin	must	be	 stiff	 enough	 to	withstand	 the	aerodynamic	 loads	 and	 soft	
enough	to	change	the	shape	of	the	wing.		
	
			In	 paper	 by	 Dayyani,	 Ziaei-Rad,	 and	 Friswell	 [11]	 the	 equivalent	 structural	 models	 were	 proposed	 that	
sustains	 the	 dependence	 on	 parameters	 of	 geometry	 of	 the	 corrugated	 skin.	 Two	 models	 represent	 two	
analytical	solutions	 in	order	to	calculate	the	equivalent	bending	and	tensile	of	the	skin	 in	the	transverse	and	
longitudinal	directions	 through	Finite	Element	Method	analysis,	which	was	previously	 implemented	 in	paper	
by	Gilchrist	et	al.	[12].		
	





























overlaps	 the	 corrugated	 core.	 Working	 under	 the	 assumption	 that	 these	 two	 materials	 are	 well	 adhered	
together,	 and	 considering	 that	 the	 ratio	 of	 Young’s	 modulus	 of	 elastomer	 coating	 to	 Young’s	 modulus	 of	
composite	corrugated	core	is	very	small,	the	elastomer	coating	was	neglected	in	these	areas	[11].	
2.1.2.	Sketch	of	the	corrugated	structure	
			The	 corrugated	 structure	was	discretised	 into	 small	 2D	beam	elements	and	nodes.	 The	2D	beam	model	 is	
justified	 as	 the	 corrugated	 panel	 is	 not	 subjected	 to	 any	 load	 or	 deformation	 in	 the	 third	 direction.	 	 Since	
number	of	elements	depends	on	number	of	nodes	that	corrugation	‘AC’	contains	as	shown	in	Fig.	3,	a	set	of	
independent	nodes	for	structure	was	established	as	shown	in	Fig.	4,	where	,	 is	the	number	of	nodes	on	the	
corrugation	 profile	 ’AC’.	 Hence,	 the	 total	 number	 of	 nodes	 of	 the	 structure	 is	 equal	 to	 (20 + 8,).	 Three	
degrees	of	freedom	34,	35	and	67	 in	the	global	coordinate	system	were	considered	at	each	node,	therefore	
the	degrees	of	freedom	of	the	entire	structure	is	3 ∙ (20 + 8,),	and	number	of	elements	is	equal	to	(18 + 8 ∙, + 1 ).		
2.1.3.	Connectivity	of	Nodes	







two	neighbour	 nodes	 is	 less	 than	 0.001	mm,	 i.e.	 ;< − ;> < 0.001	 and	 A< − A> < 0.001,	 then	 two	nodes	














nodes	 numbers,	 node	 coordinates,	 thickness	 of	 materials	 and	 forces	 values	 were	 investigated	 in	 the	
comparison.		
Figure	5	demonstrates	the	undeformed	and	deformed	shapes	of	 the	structure	subjected	to	both	tensile	and	
bending	 forces	 for	 case	 when	 	 , = 2,	 coordinate	 of	 the	 node	 are	 ;< = 2.3,	 A< = 3.4,	 ;> = 7.7,	 A> = 6.2,	
thickness	 of	 the	 core	 and	 elastomer	 are	 %& = 0.27	(FF),	 %' = 0.55	(FF).	 The	 bending	 force	 is	 HI'JK =−0.01	(L)	 applied	 to	 a	 node	 18 + 8,	 (Fig.4),	 tensile	 force	 	 HM'JN = 5	(L)	 applied	 to	 nodes	 18 + 8,	 and	19 + 	8,.			
			Table	4	shows	that	 for	both	 loading	cases	the	difference	of	 the	results	obtained	 in	both	software	 is	within	
1.11%.	 The	 cubic	 shape	 functions	 of	 the	 beam	 element	 interpolate	 the	 deformation	 precisely	 therefore	
provides	 highly	 accurate	 results.	 Convergence	 analysis	 was	 conducted	 by	 changing	 the	 size	 of	 the	 mesh,	






these	 three	 objectives	 has	 its	 own	 impact	 on	 the	 performance	 of	 the	 aircraft	 as	 a	 whole	 system.	 The	
equivalent	tensile	stiffness	is	related	to	the	actuator	force,	which	is	required,	therefore	it	should	be	minimized	





			Since	the	order	of	magnitude	of	these	three	objectives	which	are	to	minimize,	 is	different;	 for	 instance	for	+P'Q	it	is	usually	10T,	where	as	for	1/+S'Q	it	is	10UV,	therefore	all	the	parameters	were	normalized,	to	ensure	
the	best	performance	of	the	optimisation	scheme	as:	
;J W = ; W − (;X W + ;Y(W)2 )(;X W + ;Y(W)2 ) , W = 1, 2, 3	. . . , ,																													(1)	
where	;J	-	normalized	vector	of	parameters,	;	is	a	vector	of	parameters,	;X	and	;Y	represent	upper	and	lower	
bound	vectors,	W	-	number	of	parameters,	which	depends	on	number	of	nodes	line	AC	contains.	The	objective	




			Selection	of	 the	 upper	 and	 lower	 bounds	 for	 the	 thickness	 of	 corrugated	 core	 and	 elastomer	 coating	was	
based	on	practical	consideration,	as	with	high	ratio	of	the	thickness	of	the	corrugated	core	to	the	length	of	unit	
cell,	mechanism	of	deformation	changes,	providing	a	panel	which	 is	very	stiff.	Thus	the	upper	bound	for	the	




			To	 represent	 results	of	optimisation,	Pareto	 surfaces	were	plotted	 for	each	optimisation	 case	as	 shown	 in	
Fig.	6.	Moreover,	 for	each	configuration	 the	best	 compromise	point	was	 selected	using	 following	 technique.	
First,	 coordinates	 of	 an	 ideal	 reference	 point	 were	 identified	 by	 selecting	 the	 minimum	 values	 of	 each	
objective	from	the	set	of	solutions	for	given	optimisation:	








			There	 are	 some	 application	 areas	 where	 this	 method	 is	 limited	 to	 be	 used,	 specifically	 if	 objectives	 and	
constraints	functions	are	both	not	continuous.	However,	it	does	not	restrict	the	use	of	this	method	for	current	
optimisation	 problem,	 as	 the	 continuous	 analytical	 solutions	 have	 been	 proposed	 [15].	 	 Using	 this	method	
three	 objectives	 were	 combined	 into	 one	 single	 objective	 function.	 This	 approach	 is	 to	 minimize	 a	 linear	
combination	of	positively	weighted	objectives:		Z ; = a< ∙ Z< ; + a> ∙ Z> ; + aT ∙ ZT ; 																																														(3)	
			In	 MATLAB	 this	 optimisation	 method	 can	 be	 performed	 by	 using	 command	 ‘fmincon’	 –	 gradient	 based	
method	 [16].	Weighting	 coefficients	 should	 be	 positive	 and	 show	 the	 importance	 of	 particular	 objective	 in	
relation	to	other	objectives.	The	sum	of	three	weighting	coefficients	is	assumed	to	be	equal	to	one.	Since	the	
solution	 of	 optimisation	 problem	 can	 vary	 as	 weights	 change	 and	 considering	 the	 fact	 that	 reducing	 the	
interval	 of	 weight	 coefficients	 leads	 to	 a	 larger	 number	 of	 points	 of	 Pareto	 curve,	 hence	 more	 accurate	
solution	 of	 optimisation	 can	 be	 found,	 therefore	 the	weights	were	 selected	 to	 vary	 from	 0.01	 to	 0.98	with	
increments	of	0.01.	
	
			Optimisations	 with	 different	 number	 of	 nodes	 were	 carried	 out	 to	 examine	 the	 shapes	 provided	 by	 the	
current	optimisation	method.	 It	was	 revealed	 that	despite	 the	 slight	 shape	difference	 the	 similar	pattern	of	
corrugation	 shapes	 can	 be	 observed	 as	 shown	 in	 Fig.	 7.	 This	 demonstrates	 the	 optimisation	 shape	
convergence,	 which	 is	 very	 important.	 Considering	 the	 computation	 time	 due	 to	 number	 of	 optimisation	
parameters,	since	the	pattern	for	all	examined	nodes	(1-10)	consists	of	two-three	straight	lines,	which	can	be	









set	as	default	except	only	 two:	 the	crossover	 function,	which	was	set	 to	0.3,	and	 the	population	size,	 set	 to	
200.	 Since	 GA	 randomly	 generates	 the	 initial	 population	 set	 of	 individuals	 [18],	 for	 the	 identical	 setting	










1) Optimisation	domain	without	boundary	conditions	 for	nodes	within	 the	area	 ‘ABCD’:	0 ≤ ; ≤ #	and	0 ≤ A ≤ ℎ.	This	method	provides	freedom	to	optimiser	to	build	any	profile	of	the	corrugation.	
2) Optimisation	 domain	 with	 boundary	 for	 the	 2nd	 node,	 in	 order	 to	 secure	 an	 ascending	 curve	 of	
corrugation	to	ease	the	manufacturing	process	and	limitations,	i.e.:		;< < ;> < #	and	A< < A> < ℎ.		
3) Boundary	only	for	the	X	coordinates:	;< < ;> < #	 ,	 to	 investigate	the	effect	of	horizontal	degrees	of		
freedom.	
4) Boundary	 only	 for	 the	 Y	 coordinates:	 A< < A> < ℎ,	 to	 investigate	 the	 effect	 of	 vertical	 degrees	 of		
freedom.	







2) With	 and	 without	 fixed	 thickness	 of	 materials.	 In	 the	 case	 of	 fixed	 thickness	 of	 materials,	 the	
optimisation	 process	 will	 focus	 only	 on	 the	 optimisation	 of	 the	 corrugation	 shape	 with	 uniform	
thickness.	The	thickness	parameters	for	the	uniform	shape	optimisations	were	considered	as:	
• %& = 0.25	FF	and	%' = 0.55	FF		with	elastomer	coating	




			First,	 the	 case	 of	 coated	 corrugated	 skin	 was	 investigated.	 The	 results	 obtained	 for	 the	 case	 of	 unfixed	
thickness	of	materials	are	shown	in	Fig.	9,	where	one	half	of	unit	cell	is	presented.	Lines	representing	different	




















angle	of	 corrugation	 results	 in	higher	out	of	plane	stiffness	 to	 resist	 the	aerodynamic	pressure	and	buckling	








			The	best	 shape	obtained	within	 the	 case	of	 coated	 corrugated	 core	was	 selected	as	 the	best	 compromise	
point	among	all	 the	results,	which	 is	the	shape	obtained	by	means	of	four	subdomains	method	with	unfixed	
thickness	 as	 shown	 in	 Fig.	 13.	 It	 also	 should	 be	mentioned	 here,	 that	 all	 of	 the	 results	 obtained	 in	 case	 of	
unfixed	thickness	are	better	compared	to	the	results	for	the	case	with	fixed	thickness	of	materials.	Therefore,	
it	 can	be	concluded	that	constant	 thickness	of	materials	did	not	 improve	 the	objective	values,	especially	 for	
reducing	the	mass	of	structure.	
	
			This	 shows	 that	 the	 corrugation	 has	 a	 global	 trapezoidal	 shape	 but	with	 a	 local	 spring	 component	 in	 the	
middle,	 the	 size	 of	 which	 is	 small	 (12%	 of	 the	 cell	 height)	 due	 to	 minimising	 the	 mass	 of	 the	 structure.	
However,	this	may	lead	to	complexity	of	manufacturing	process,	therefore	the	second	compromise	point	was	
selected	 as	 the	 decision	 making	 corrugation	 shape.	 This	 configuration	 was	 obtained	 with	 the	 approach	 of	




with	 local	 spring	component.	Weighting	coefficient	values	 indicate	 that	all	 three	objectives	were	 involved	 in	





			In	 order	 to	 examine	 the	 morphing	 design	 consideration	 of	 the	 optimised	 coated	 corrugated	 skin,	 the	
structure	was	simulated	in	ABAQUS	comprised	of	10	unit	cells.	Different	loading	conditions	were	considered	to	
ensure	 the	 proper	 performance	 of	 skin	 under	 different	 representative	 conditions	 that	 the	 airfoil	 would	
experience.	 A	 range	 of	 bending	 forces	 (0 − 6) ∙ 10UTL	 and	 a	 range	 of	 tensile	 forces	 0 − 45	L	 were	
investigated.	 The	 simulations	 for	 following	 forces	 are	 presented:	 applied	 bending	 force	 Fdefg = −0.006	N,	
tensile	 force	Fiefj = 40	N.	 Distributed	 pressure	 of	500	[!	 was	 considered	 for	 simulation	 of	 optimised	 skin	





which	 is	 caused	 by	 application	 of	 bending	 force.	 However,	 the	 results	 for	 simulation	 of	 skin	 under	 the	
aerodynamic	 load	 (Fig.	 15c)	 do	 not	 show	 any	 wrinkling	 of	 elastomer.	 In	 manufacturing	 process	 buckling	
problem	can	be	avoided	by	applying	pre-stressed	elastomeric	 coating	as	 suggested	 in	 [9].	The	 ratio	of	 force	









			Comparative	 analysis	 of	 objective	 values	 and	 thickness	 of	 materials	 are	 presented	 in	 Fig.	 17.	 The	 best	
compromise	point	among	all	the	results	represents	the	results	obtained	by	means	of	four	subdomains	method.	
































was	 described	 in	 section	 3.1.3.	 For	 visual	 presentation	 the	 following	 forces	 were	 applied:	 bending	 force	HI'JK = −0.006	L,	 tensile	 force	HM'JN = 10	L	 and	pressure	on	 the	 top	surface	[ = 500	[!.	The	 results	are	
shown	in	Fig.	22.	
	





‘A’	 and	 ‘C’	 nodes	 are	 connected	 to	 create	 a	 trapezoidal	 shape,	 the	 rest	 of	 parameters	 such	 as	 geometry,	
thickness	of	materials,	material	properties	were	set	the	same	as	for	corresponding	optimised	corrugated	skins.	
The	 relationship	 between	 the	 applied	 force	 and	 displacement	was	 examined	 for	 all	 cases	 and	 presented	 in	
Fig.	23.	
	
			As	 it	 can	 be	 seen	 from	 the	 graphs,	 that	 the	 optimised	 coated	 corrugated	 skin	 has	 slightly	 better	 bending	
stiffness	than	the	coated	corrugated	trapezoidal	skin,	however	the	results	for	tensile	stiffness	are	transverse.	




			In	 order	 to	 find	 an	 optimised	 shape	 of	 composite	 corrugated	 morphing	 skin,	 a	 Finite	 Element	 code	 was	
created	 in	MATLAB	to	calculate	the	equivalent	tensile	stiffness,	 flexural	stiffness	and	mass	of	the	corrugated	
core.	 The	 aggregate	 and	 genetic	 algorithm	optimisation	methods	were	 used	 to	 perform	 the	multi-objective	
optimisation	 for	 different	 boundary	 conditions	 of	 the	 input	 nodes	 coordinates.	 The	 skin	 was	 optimised	 by	










carried	 out.	Where	 it	was	 revealed	 that	 fluctuation	 range	 of	mass	 and	1/+S'Q	 values	 for	 the	 cases	 of	 fixed	
thickness	is	narrower	than	for	the	cases	of	fixed	thickness	of	materials,	however	more	wide	for	+P'Q.	The	ratio	




				It	was	also	revealed	that	 for	new	optimised	shapes	of	 the	skin	 the	ratio	of	 	+P'Q/+S'Q = 0.04319	 for	 the	
case	of	 coated	core	and	equal	 to	0.095	 in	 case	of	uncoated	 corrugated	 core.	 Furthermore,	 it	was	observed	
that	the	thickness	of	new	optimised	coated	corrugated	skin	is	2.12	times	thicker	than	the	trapezoidal	coated	
corrugated	 core	 obtained	 in	 paper	 [9].	 This	 will	 lead	 to	 better	 bending	 stiffness	 to	 resist	 the	 aerodynamic	





revealed	 that	 the	 coated	 optimised	 corrugated	 skin	 has	 slightly	 better	 bending	 stiffness	 than	 the	 coated	
corrugated	 trapezoidal	 skin,	 however	 the	 results	 for	 tensile	 stiffness	 are	 transverse.	 As	 for	 the	 uncoated	


































































































































































































Prescribed	DOFs	 				 			 															 												
Tensile	modelling	 	 Bending	modelling	 		34	 35	 67	 34	 35	 67	
1	 0	 0	 0	 0	 0	 0	
18+8n	 Free	 0	 0	 Free	 Free	 Free	
19+8n	 Free	 Free	 0	 Free	 Free	 Free	




Displacement	 MATLAB	 ABAQUS	 Error	
Bending	modelling	 -1.1567	 -1.157	 0.03%	
Tensile	modelling	 3.1608	 3.196	 1.11%	
Table	4	Validation	of	the	FE	equivalent	code	against	ABAQUS	
	
	 lm	 ln	 lo	 pq	(rr)	 ps	(rr)	 tusv	(w)	 m/txsv(wrrn)Um	 ryzz	(g)	
0.34	 0.39	 0.27	 0.2690	 0.5529	 509.9836	 0.0000847	 7.6984	
Table	5	Objective	values,	thickness	of	materials	and	weights	distribution	for	the	decision	making	configuration	
	
	 lm	 ln	 lo	 pq	(rr)	 tusv	(w)	 m/txsv(wrrn)Um	 ryzz	(g)	0.69	 0.03	 0.28	 0.55	 115.1673	 0.000827	 6.2645	
Table	6	Objective	values,	thickness	of	materials	and	weights	distribution	for	the	best	shape	case	
	
	
	
	
